Neutrophil extracellular traps (NETs) are released as neutrophils die in vitro in a process requiring hours, leaving a temporal gap that invasive microbes may exploit. Neutrophils capable of migration and phagocytosis while undergoing NETosis have not been documented. During Gram-positive skin infections, we directly visualized live polymorphonuclear cells (PMNs) in vivo rapidly releasing NETs, which prevented systemic bacterial dissemination. NETosis occurred during crawling, thereby casting large areas of NETs. NET-releasing PMNs developed diffuse decondensed nuclei, ultimately becoming devoid of DNA. Cells with abnormal nuclei showed unusual crawling behavior highlighted by erratic pseudopods and hyperpolarization consistent with the nucleus being a fulcrum for crawling. A requirement for both Toll-like receptor 2 and complement-mediated opsonization tightly regulated NET release. Additionally, live human PMNs injected into mouse skin developed decondensed nuclei and formed NETS in vivo, and intact anuclear neutrophils were abundant in Gram-positive human abscesses. Therefore early in infection NETosis involves neutrophils that do not undergo lysis and retain the ability to multitask. 
Gram-positive bacteria such as Staphylococcus aureus [1] [2] [3] [4] and Streptococcus pyogenes 5 are highly invasive pathogens causing severe skin infections and sepsis in humans. Neutrophils are crucial for host survival, and NETs may represent a unique defense mechanism [6] [7] [8] [9] .
In vitro NETs are a cell-death-associated event occurring hours after initial stimulation 10, 11 ; however, questions remain concerning NETosis in vivo. Conventional PMN-mediated killing involves cell recruitment, emigration, chemotaxis and phagocytosis of microbes 12, 13 . However, this process of 'chasing' individual microbes is ineffective for dealing with rapidly disseminating Gram-positive pathogens. Yet, using both phagocytosis and NETosis might be counterproductive if neutrophils engulf bacteria and then lyse, releasing all of their bacterial contents. Thus non-lytic NETosis may prevent bacteria from escaping after phagocytosis. To date, NETosis has only been observed in immobile and incapacitated cells. In vitro, we described rapid NET release (<10 min) without cell lysis; however, we could not evaluate the fate and function of these PMNs 14, 15 . Here we hypothesize that rapid NET release may be carried out in vivo by live viable PMNs.
To understand the relationship between conventional PMNmediated and NET-mediated host defense, we directly visualized PMN behavior during Gram-positive skin infections in mice and humans. Using spinning-disk confocal intravital microscopy (SDCIM), we made some unexpected observations not in line with the current NETosis paradigm. We did not observe cell death and lytic release of NETs in vivo. Furthermore, condensation and budding of the nucleus from PMNs, which had previously been observed in red blood cells, did not occur 16 . Instead, live, functional PMNs crawled, phagocytosed and rapidly NETosed simultaneously, resulting in widespread tissue NETs that limited bacterial dissemination. Notably, neutrophils from individuals with acute Gram-positive abscesses released NETs without cell lysis when injected into mouse skin, identical to mouse neutrophil NETosis imaged during Gram-positive skin infections. Here we describe an alternate fate of in vivo NETosing PMNs that is distinct from cell-death NETosis.
RESULTS

Gram-positive bacteria induce rapid NET formation in vivo
We developed three models to visualize neutrophil behavior and NETosis during bacterial skin infections in real time using intravital spinning-disk confocal intravital microscopy. In this system, exteriorized mouse skin, which exposes the microvasculature dermal circulation, received a direct intradermal injection of live S. aureus followed immediately with 2 h of intravital microscopy to visualize PMN behavior. We visualized NETs by intravenous administration of SYTOX Orange, a cell-impermeable, DNA-specific dye (method 1) (Fig. 1a) . We observed sheets of extracellular DNA forming within the extravascular dermal parenchyma. These large in vivo NETs are in contrast to the thin strands of NETs observed in vitro (15-nm to 100-nm strand diameters observed in vitro) 6, 11, 17 (Fig. 1a and Supplementary Video 1). Mice undergoing surgical skin exteriorization and treated with chemokine (MIP-2), but without bacteria, to induce sterile inflammation recruited PMNs, but NETs were not released (Fig. 1a) . Emigrated PMNs crawled through infected tissues, thereby widening the NET distribution (Supplementary Video 1). NETs were inducible by bacterial counts between 1 × 10 6 and 1 × 10 8 colony-forming units (CFUs). Acute infection did not result in dead PMNs, as demonstrated by lack of neutrophil SYTOX Orange uptake.
NETs were not visible in blood vessels within the infected skin; therefore, we administered bacteria into muscle, which offers better intravital microscopic vascular resolution, and imaged this intravascular compartment (Supplementary Fig. 1a) . We observed extravascular, but not intravascular, NET formation, consistent with the view that systemic infection, but not localized infection, may be required for intravascular NETs. Emigrated PMNs (peritoneal) had increased NET release without cell lysis, compared to non-emigrated PMNs (marrow) exposed to bacteria in an in vitro assay ( Supplementary  Fig. 1b) . We hypothesize that emigration may enhance DNA release and prevent NET spread through the blood, thereby decreasing bystander damage.
NETs are rapidly released from the nucleus To confirm authentic in vivo NETs (containing histones, granular proteins and DNA 9,18 ), we developed a second assay using specific fluorescently conjugated antibodies to visualize NET constituents (method 2). Significant release of histones and neutrophil elastase occurred within minutes in response to intradermal injection of Gram-positive human pathogens (S. aureus and S. pyogenes) (Fig. 1b,c) . Negligible NETs occurred during sterile inflammation induced by the chemokine MIP-2. Histone-stained areas expanded in large sheets within the extravascular dermal parenchyma (Fig. 1c,  Supplementary Fig. 2a and Supplementary Video 2), identical to the distribution of extracellular DNA observed with the use of SYTOX Orange. Injection of dead, washed bacteria resulted in NET release (Fig. 1b) , demonstrating that innate recognition is sufficient for inducing NET release independently of active toxin release from bacteria.
Mitochondrial DNA NETs exist 19, 20 ; however, in vivo mitochondrial imaging showed unaltered intracellular mitochondria during infection (Supplementary Fig. 2a,b) . This does not exclude mitochondrial DNA as a possible source of infection-induced NET DNA, but the nucleus seems to be the major source of NETs in our model of infection.
Using a third technique, we prestained in vivo PMN nuclei with a cell-permeable, DNA-specific dye (SYTO 60, method 3), allowing for nuclear imaging throughout NETosis. Without infection, SYTO 60 was restricted to normal multilobar distinct nuclei; however, we observed abnormal PMNs with indistinct diffuse nuclear remnants during infection (Fig. 1d) . We quantified the ratio of extracellular to intracellular DNA to demonstrate the increase in NETs during infection (Fig. 1d) . . NETosis is restored in C3 −/− mice treated with normal mouse serum (n = 3 mice). NET area was determined using Volocity imaging software. *P < 0.05 for treatment versus control, treatment versus sterile inflammation, or knockout versus wild type, # P < 0.05 for treatment versus C3 −/− . Data are expressed as means ± s.e.m.
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NET formation is tightly regulated and requires both Tlr2 and C3 NETs may cause bystander injury; therefore, we hypothesized that their release is tightly regulated. Two key systems involved in host defense against S. aureus are Tlr2-mediated inflammation and complement 21 . NETs were absent in mice lacking MyD88, a key component of the TLR signaling pathway, indicating that NETs are dependent on TLR signaling (Supplementary Fig. 3a) . Furthermore, both Tlr2 −/− mice and C3 −/− mice (lacking complement component C3) were incapable of releasing histones (Fig. 1e) or nuclear DNA (Fig. 1f) , despite recruiting normal numbers of PMNs to the infection site (Supplementary Fig. 4a ). Normal mouse serum restored NETosis in C3 −/− mice, indicating the importance of opsonization (Fig. 1f) . As Tlr2 −/− mice have intact complement and C3 −/− mice have intact Tlr2, neither of these molecules is sufficient to cause NETs in isolation. Collectively, these data suggest a multitiered regulation for which Tlr2 and complement are essential but not individually sufficient.
Tlr2 stimulation did not induce NETs (Supplementary Fig. 3c ). In preliminary experiments, the C3a receptor had a greater role in NET production compared to the C5a receptor ( Supplementary Fig. 3b) ; however, recombinant C3a alone or in addition to PAM-3-Cys (a Tlr2 stimulant) had no effect on NETosis (Supplementary Fig. 3c ), revealing that purified molecules could not mimic a bona fide Grampositive infection.
Viable NET-forming PMNs remain functional in vivo
PMNs did not take up SYTOX Orange (indicating death) during NETosis. We prelabeled the neutrophil nucleus in vivo (method 3) to understand whether NETosing neutrophils continue to function. We observed a stark contrast between normal and NETosing PMNs using SDCIM and three-dimensional (3D) reconstruction (Fig. 2a) .
To visualize the innermost structures, we adjusted the levels of 3D transparency. Non-NETosing PMNs had intact, fully intracellular nuclei. A NETosing PMN released a NET that surrounded the entire neutrophil outer membrane (Fig. 2a) . We manipulated the NET digital image to render it transparent and overlaid this image on the PMN image to appreciate the location of the NET in relation to the PMN outer membrane. Notably, the NETosing PMN remained viable and continued to move chemotactically toward a GFP-expressing bacterium (Supplementary Video 3) . More 3D images of PMNs releasing intracellular DNA are shown in Supplementary Figure 5a .
To directly visualize PMNs releasing intracellular DNA that becomes a NET, we developed a four-color SDCIM strategy combining the cell-permeable DNA dye SYTO 60 and the cell-impermeable dye SYTOX Orange. Live PMNs were visualized that contained diffuse nuclear staining with concurrent release of NETs. Three-dimensional imaging confirmed that a PMN with extracellular DNA contained a diffuse abnormal nucleus (Fig. 2a) . PMNs that crawled while releasing NETs were quantified for velocity, meandering index and crawling track ( Supplementary Fig. 5b-d and Supplementary Video 4).
Our findings indicate that NETosis is not limited to immobile and incapacitated cells.
NETosing PMNs decondense and lose their nuclei Neutrophil nuclear swelling and changes in morphology predict chromatin decondensation and nuclear envelope breakdown 6, 14, 17, 22, 23 . We observed three different nuclear morphologies of emigrated PMNs exposed to S. aureus. Normal nuclei were distinct demarcated multilobar rings with uniform DNA staining (Fig. 2b, Supplementary  Fig. 6a and Supplementary Video 5). The normal nucleus was malleable but retained its structure during crawling. Diffuse nuclei lacked structure and had a heterogeneous, lower-intensity staining pattern consistent with breakdown of the nuclear envelope, chromatin decondensation and intracellular chromatin dispersion (Fig. 2b,  Supplementary Fig. 6b and Supplementary Video 5). Anuclear PMNs had absent nucleic acid staining (Fig. 2b, Supplementary  Fig. 6b and Supplementary Video 5). These observations were not due to photobleaching, as all three nuclear phenotypes were observed in the same fields of view over the same duration and laser intensity. To confirm structural nuclear differences, we used confocal Z-stacks and 3D reconstruction (Fig. 2c) . By 2D imaging, anuclear PMNs were entirely devoid of a nucleus on 3D reconstruction and no longer contained any stainable nucleic acids, suggesting these cells had completed the NETosing process (Fig. 2c) . Examination of bacteria-infected mouse skin using EGFPhistone transgenic mice, which have mouse histone tagged with EGFP (Tg(HIST1H2BB/EGFP)1Pa) confirmed in vivo anuclear PMNs (Supplementary Fig. 7a ). PMNs with normal and diffuse nuclei continued to crawl within the tissues. Flow cytometry of untreated mice revealed that all PMNs were uniformly and brightly positive for a nucleus before infection (Supplementary Fig. 7b ). Bone marrow chimera experiments (with EGFP expression restricted to hematogenous cells) demonstrated a subpopulation of PMNs within S. aureus-infected tissue capable of crawling without a nucleus (Supplementary Fig. 7c ).
To understand whether NETosis affects other host-defense functions, we quantified phagocytosis of live bacteria. In wild-type mice, approximately 50% of PMNs phagocytosed bacteria (Fig. 2d) . Although NETosis and phagocytosis were closely linked, phagocytosis alone was not sufficient to induce NETosis, as Tlr2 −/− PMNs took up bacteria without nuclear changes (Fig. 2e) . C3 −/− mouse neutrophils could not phagocytose and did not have altered nuclei or make NETs; however, this impairment was reversed with the direct infusion of normal serum on top of the exteriorized infected mouse skin, demonstrating the importance of opsonization for NETosis and phagocytosis (Fig. 2e) .
Unusual cellular phenotypes of NETosing PMNs
We observed unique patterns of crawling and cell morphology during NETosis. Normal PMNs with multilobar nuclei crawled with a single lead pseudopod (Fig. 3a) . In contrast, PMNs with diffuse nuclei show hyperpolarization and multiple pseudopods (Fig. 3a) . To test whether the loss of the nucleus explains the bizarre crawling phenotype, we studied a well-defined induced anuclear human PMN cytoplast [24] [25] [26] [27] Time ( npg (Fig. 3a) . Indeed, cytoplasts showed crawling behaviors similarly to NETosing PMNs, suggesting that the intact nucleus provides the structural fulcrum for normal crawling, similar to the situation in other mobile cells 28, 29 . Crawling was further analyzed in Tlr2 −/− and C3 −/− PMNs. As anticipated, Tlr2 −/− and C3 −/− PMNs crawled with a normal, single-lead pseudopod and maintained morphology similar to nonNETosing PMNs with normal nuclei (Fig. 3a) . Polarization is normal for crawling cells, and in vitro these cells become one-and-a-half to two times longer than their width, the limitation of this value being the width of the nucleus. However, in infected tissue, PMNs that had diffuse nuclei became hyperpolarized ( Fig. 3b and Supplementary Fig. 4b ). Both the NETosing PMNs and the cytoplasts generated multiple pseudopods simultaneously, often at obtuse angles (90-180°), a phenotype never observed in sterile inflammation. During sterile inflammation, the majority of PMNs crawled with one dominant pseudopod, which rarely split to yield two pseudopods at an acute angle (<90°). Infection increased pseudopod formation, which was more common in cells with altered nuclei (Fig. 3c) . Tlr2 −/− and C3 −/− PMNs did not form multiple pseudopods. Despite having abnormal nuclei, hyperpolarization and multiple pseudopods during bacterial skin infection, wild-type PMNs crawled with normal velocity and moved with purpose (that is, a high meandering index) (Fig. 3d,e) . We tracked individual PMNs and found that NETosing PMNs with diffuse nuclei crawled with high velocity and meandering index, whereas fully anuclear PMNs crawled slowly ( Supplementary  Fig. 8a-c) . Together, these data suggest that structural nuclear breakdown is related to aberrant but functional chemotaxis, similar to that of anuclear human PMN cytoplasts. By contrast, despite normal nuclei, Tlr2 −/− and C3 −/− PMNs had reduced crawling velocities and moved without purpose in random directions (Fig. 3d,e) .
NETs are crucial to contain an acute invasive infection in vivo
We followed staphylococcus skin infections over time using minimally invasive nonsurgical luminescent imaging. Currently, no specific inhibitor of NETosis exists, so exogenous DNase treatment was used to break down NETs. Mice treated with or without DNase (1,000 U intraperitoneal injection) had comparable S. aureus levels of luminescent photons within the skin at 1 h, but DNase treatment decreased luminescence within 4 h (Fig. 4a,b) . DNase did not alter bacterial growth in culture (data not shown). Disruption of NETs resulted in a significant increase in bacteremia at 4 h and a decrease of skin CFUs at 24 h, indicating that bacteria can rapidly escape the portal of entry in the absence of NET trapping (Fig. 4c,d ). We examined dissemination in mutant mice that lacked NETosis. We gave wild-type, Tlr2 −/− and C3 −/− mice intraperitoneal injections of live S. aureus and determined blood CFUs at 5 h. Compared to wild-type mice, both Tlr2 −/− and C3 −/− mice had impaired ability to contain S. aureus dissemination (Supplementary Fig. 4c) . Notably C3 −/− mice, which were deficient in both phagocytosis and NETosis, had more severe bacteremia than did Tlr2 −/− mice, which could phagocytose but not NETose.
Human PMNs release NETs in vivo and become anuclear
We investigated PMNs from human subjects diagnosed with Grampositive abscesses (Supplementary Table 1) . We imaged fresh abscess aspirates using transmission electron microscopy. In all samples, we observed normal PMNs, PMNs with degraded nuclear envelopes and decondensed and dispersed chromatin (diffuse nuclei) and PMNs without any intracellular DNA or chromatin (anuclear) (Fig. 5) . Normal PMNs had abundant heterochromatin and multilobar nuclei, whereas NETosing cells were at various stages of nuclear envelope breakdown and NET release (Fig. 5a ). Granulated cells with diffuse nuclear staining contained nuclear envelope remnants and diffuse chromatin throughout the cytoplasm; however, structurally intact nuclei were not present (Fig. 5b) . PMNs without a nucleus but still containing limited dispersed DNA and chromatin were a common finding on electron microscopy, supporting our in vivo observation that PMNs with diffuse nuclear staining have dissolved the nucleus and contain some free chromatin, resulting in a diffuse DNA pattern of fluorescence (Fig. 5c) . Of note, PMNs with diffuse or completely absent nuclear material still contain granules, suggesting that they retain the necessary components to kill bacteria through conventional mechanisms.
NETs were identified by their typical beads-on-a-string electron microscopy appearance. To understand how NETs are released without cell lysis, we imaged diffuse and anuclear PMNs at higher magnification. We observed intracellular vesicles containing DNA fusing with the outer membrane, resulting in delivery of NETs to the extracellular space (Fig. 5d) . Electron microscopy of the abscesses also identified the late stages of lytic NETosis (Fig. 5e) .
We subjected the abscess aspirates to immunofluorescence microscopy of fixed slides and also injected them into our intravital mouse skin model to visualize live human PMNs in vivo (Fig. 6) . Anuclear PMNs stained positively for CD45 and CD66b but did not stain for intracellular DNA, and we observed NETs surrounding these cells (Fig. 6a) . We injected live human abscess PMNs directly into wild-type C57BL/6J mouse skin and immediately visualized NETosis in a modified method used during our previous mouse intravital microscopy experiments. We visualized NETs before and after exogenous DNase treatment (1,000 U direct infusion over the skin preparation) (Fig. 6b) . A large percentage of human abscess neutrophils had decondensed nuclei, with approximately 10% being anuclear (Fig. 6d) , similarly to mouse PMNs observed in bacteria infected skin.
We injected normal neutrophils isolated from healthy volunteers into wild-type C57BL/6J mouse skin with or without live GFPexpressing S. aureus. We observed normal multilobar nuclei in >90% of human PMNs in the absence of infection, and these cells did not release NETs (Fig. 6c,d) . However, in the presence of infection, 52% of human PMNs developed decondensed nuclei, and 11% became anuclear (Fig. 6c,d) .
DISCUSSION
Despite ample in vitro NET research, fundamental questions about in vivo NETosis have remained unanswered, resulting in skepticism about the physiological relevance of NETs. For example, it has been suggested that NETs may just be an explosive necrosis, apoptosis or a process of dying 10, 11, 30, 31 . Moreover, it has been demonstrated that NET formation is slow, requiring hours, and that NETosing PMNs are nonfunctional, thereby nullifying other key parts that PMNs play in host defense. As a result, highly invasive Gram-positive pathogens, such as S. aureus and S. pyogenes, could disseminate before cell-death NETosis, easily slipping by the incapacitated PMN. As multiple bacteria upregulate DNase and escape NETs [32] [33] [34] [35] it is crucial that the enucleating PMNs maintain conventional killing capacity. We found that viable PMNs rapidly form NETs while crawling and that phagocytosis could occur at any point during NETosis. Anuclear PMNs contained bacteria, implying that phagolysosome maturation and NET release can be separately compartmentalized, such that bacteria cannot escape from inside the cell during NET release. Figure 6 Immunofluorescence imaging of NETosis during human abscess formation. (a) Fresh abscess aspirates were stained with a phycoerythrin (PE)-conjugated CD66b-specific antibody, a PerCP-conjugated CD45-specific antibody and SYTOX Green. The white arrow highlights an anuclear PMN adjacent to a NET that is outlined by a dotted line. The yellow arrow highlights a normal PMN with multilobar condensed nuclei. (b) Fresh live abscess aspirates stained with PE-conjugated CD16-specific antibody were directly injected into mouse skin to mimic our in vivo experiments, and nuclei were prelabeled with SYTO 60. NETs were visualized and quantified using the NET ratio. (c) Normal PMNs were stained with PE-conjugated CD16-specific antibody and SYTO 60. PMNs were injected into mouse skin alone or with GFP-expressing S. aureus. A NET is being released from the PMN stimulated with bacteria, and the GFP-expressing S. aureus can be seen attached to the NET. NET release by in vivo human PMNs is quantified as NET ratio (**P < 0.01 for untreated versus treated). (d) PMN nuclei quantified in vivo from uninfected normal human PMNs, human PMNs infected with S. aureus and in human abscess PMNs. Zero normal human PMNs were observed in the absent nuclei category without an infectious stimuli. Data are expressed as means ± s.e.m. 
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Another critique of the NET hypothesis has been the inability of researchers to observe the remnants of NETosing PMNs in vivo. Here we directly observed PMNs releasing DNA and altering their nuclear structures. Notably, only a subgroup of neutrophils became anuclear, whereas a larger population of NETosing PMNs degraded the nucleus but continued to have diffuse intracellular DNA. Our data demonstrate the existence of viable anuclear PMNs, consistent with the common histological finding of suppurative or necrotizing inflammation. Death of the NETosing PMNs is inevitable and probably results in clearance by resident macrophages; therefore, they may not be observed at later time points in tissue histology.
The nucleus is important for de novo transcription, and it would seem reasonable that loss of this organelle would lead to rapid cell death. However, anuclear platelets and red blood cells survive for long periods, and red blood cells survive enucleation 16, 36 . Clearly, a terminally differentiated cell with a short half-life (8 h) should be able to survive a brief period without a nucleus. Indeed, physical removal of the nucleus from human PMNs does not affect their conventional killing ability, as these cytokineplasts crawl, transmigrate, phagocytose staphylococci and kill them via nitric oxide [25] [26] [27] 37 thus providing an analogy to NETosing PMNs. Clearly, temporary anuclear survival may be essential to the function of this innate immune cell.
NETosis may lead to bystander tissue damage. Certainly, vascular NETs can cause small-vessel vasculitis 38 , hepatitis 15 , thrombosis 39 and lupus nephritis 40 and pulmonary NETs contribute to the pathophysiology of cystic fibrosis 41, 42 . We observed a tight regulation of NET production that is potentially required to limit collateral damage.
Finally, it has been questioned how NETs are catapulted 20 or forcibly expulsed in solid tissues. Our imaging reveals subtle release of DNA, analogous to a previously demonstrated mechanism of NETosis involving nuclear envelope budding and vesicular DNA release in vitro 14 . We found that vesicular release of NETs permits PMNs to maintain membrane integrity that allows for continued function.
Together, our data reveal that the physiological fate of NETosing PMNs is not immediate cell death and that the release of NETs composed of elastase and histones is an important immune response to infection in vivo.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary information is available in the online version of the paper.
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The pBT2 was a gift from R. Brückner (University of Kaiserslautern). Myd88 −/− and Tlr2 −/− mice were provided by S. Akira (Osaka University). T. Graf (Barcelona, Spain) provided the Tg(LysMeGFP). We thank D. Knight and C. Baddick for technical assistance and ongoing support. We acknowledge P. Colarusso and the support staff of the Snyder Institute Live Cell Imaging Facility for assisting in the image capturing and analysis (Canada Foundation for Innovation funded). We also thank the University of Calgary Flow Cytometry Facility and L. Kennedy for their assistance. We are grateful to P. Bacterial strains. Three S. aureus strains were used in this study. S. aureus Xen8.1 and Xen29, known pathogenic strains that have been used in softtissue, biofilm and sepsis models, were purchased from Caliper Life Sciences. The GFP-transgenic CA-MRSA USA300-2406 was developed as previously described above. S. aureus Xen29 and Xen8.1 were grown in LB broth (200 µg ml −1 kanamycin) and CA-MRSA was grown in brain heart infusion BHI (chloramphenicol 20 µg ml −1 ) at 37 °C overnight. Bacteria were subcultured in fresh LB or BHI and incubated for 2 h in a 37 °C shaker to obtain bacteria in mid-log phase growth before injection. S. pyogenes was obtained from American Type Culture Collection (ATCC19615). S. pyogenes was grown on a sheep blood plate overnight at 37 °C, and then a single colony from the blood agar plate was inoculated into 25 ml fresh BHI broth for 18 h at 37 °C.
Surgical procedures. The basic surgical skin technique is described here and then followed with a description of the three modified methods that were employed to visualize NETs in vivo. Mice were anesthetized (10 mg per kg body weight xylazine hydrochloride and 200 mg per kg body weight ketamine hydrochloride), and body temperature was maintained using a rectal probe and heating pad. The right jugular vein was cannulated to administer additional anesthetic and fluorescent dyes. The microcirculation of the dorsal skin was prepared for microscopy as previously described 47 . Briefly, after shaving the mouse's back, a midline dorsal incision was made extending from the tail region up to the level of the occiput. The skin was separated from the underlying tissue, remaining attached laterally to ensure the blood supply remained intact. The area of skin was then extended over a viewing pedestal and secured along the edges using 4.0 sutures. The loose connective tissue lying on top of the dermal microvasculature was carefully removed by dissection under an operating microscope. Once the loose connective tissue is removed from the mouse skin, bacteria are injected intradermally into the microscopy field of view. The exposed dermal microvasculature was immersed in isotonic saline and covered with a coverslip held in place with vacuum grease. Alexa Fluor 488-, Alexa Fluor 649-, PE-or FITC-conjugated GR-1-specific antibody (10 µg per mouse intravenously (i.v.)) or fluorochrome-conjugated neutrophil-specific antibody (10 µg per mouse intravenously (i.v.)) directed against Ly6G (clone 1A8, Biolegend) was used to visualize neutrophils.
Three different methods were used to visualize NETs in vivo. Method 1: surgical exposure of the mouse skin microvasculature was performed as described above. Following microvascular exposure, the membrane-impermeable SYTOX Orange dye (diluted 1:1,000 with sterile saline, 100 µl per mouse i.v.) and a fluorochrome-conjugated anti-PMN antibody (anti-GR-1, i.v.) were administered. MIP-2 superfusion (direct infusion over the tissue) (5 nM) was initiated for 30 min followed by direct intradermal S. aureus injection (Xen29, DNase positive, 1 × 10 8 CFUs in 100 µl sterile saline intradermally (i.d.)). The infected tissue was then immediately imaged, and tissue was observed for 2 h.
Method 2: mice were pretreated with MIP-2 (0.2 µg, i.d.) 60 min before the skin surgery. MIP-2 injection was targeted to the right skin flank of the mouse within the area to be surgically exteriorized. Once the skin preparation was complete and the loose connective tissue removed, live S. aureus (Xen8.1, DNase negative, 1 × 10 8 CFU in 100 µl of sterile saline, i.d.) was injected intradermally directly into the microscopy field of view, which contained the area treated with MIP-2. Fluorochrome-conjugated NET-specific antibodies (either antihistone or anti-elastase antibodies) were injected i.v. along with a fluorochromeconjugated anti-PMN antibody (anti-GR-1). The skin was then immediately placed under the spinning-disk confocal microscope and observed for 2 h. For these experiments we used Xenon-labeled histone-specific antibody (M-20) or neutrophil elastase-specific antibody (M-18) (20 µg per mouse i.v.). The Xenon labeling kit was modified from the manufacturer's instructions for in vivo experiments. Preliminary experiments were performed using various concentrations of component A and component B of the Xenon kit. Optimal visualization was found with 7.5 µl component A and 10 µl of antibody incubated at room temperature for 5 min, without the use of component B. Control IgG (20 µg per mouse i.v.) was labeled using the same Xenon kit and modified procedure.
Method 3: mice were pretreated with an i.p. injection of the cell-permeable nucleic acid dye SYTO 60 (5 µl of stock 5 mM diluted in 200 µl PBS, i.p.) 16 h before intravital microscopy or i.v. administration during surgery immediately prior to microscopy. MIP-2 (0.2 µg, i.d.) was administered 60 min before the surgical skin preparation, as described for method 2. Following exposure of the dermal microvasculature and removal of the loose connective tissue, the clinically derived GFP-expressing transgenic CA-MRSA (community-acquired methicillin resistant S. aureus) bacteria were injected intradermally into the microscopy field of view (USA300-2406, 1 × 10 8 CFUs in 100 µl of sterile saline, i.d.). The fluorochrome-conjugated anti-PMN antibody (anti-GR-1 or in some cases anti-Ly6G antibody) was administered intravenously, and the skin preparation was immediately placed under the spinning-disk confocal microscope and observed for 2 h. Following baseline visualization, three to six separate areas were visualized in each experiment to minimize selection bias.
For killed bacteria experiments, Xen8.1 bacteria were heated for 30 min at 65 °C and washed twice with sterile saline (n = 3).
In some experiments involving the C3 −/− mice, we directly infused 25 µl of normal mouse serum on top of the surgical skin preparation to reconstitute the missing complement components. Spinning-disk confocal microscopy was immediately performed following the administration of normal mouse serum. Normal serum was obtained from the blood of wild-type C57BL/6J mice via cardiac punctures.
Spinning-disk confocal intravital microscopy. SDCIM was performed using an Olympus BX51 (Olympus) upright microscope equipped with a 20×/0.95 XLUM npg
